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1.  INTRODOCTION 

In  recent  years  laser  technology  has  developed  and  is  used 
in  many  industrial  processes.  Pulse  lasers  with  very  short 
pulse  duration  are  used  to  heat  the  surface  layer  so  rapidly 
that  the  bulk  temperature  is  not  affected.  In  this  research, 
work  is  done  in  order  to  produce  laser-treated  area  of  Pb-Sn 
alloy  coating  on  copper  foil  in  order  to  obtain  an  efficient 
process  for  the  microelectronics  and  electronics  industry. 

Corrosion  behavior  of  Pb-Sn  alloy  before  and  after  heat 
treatment  was  investigated,  UBing  the  potent iodynamic 
polarization  technique. 
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2.  BACKGROUND 


2 . 1  Laser  Application 

2.2.1  General 

Laser  is  a  unique  source  of  radiation  capable  of  delivering 
intense  coherent  electromagnetic  field  in  the  spectral  range 
between  the  ultraviolet  and  the  far  infrared.  Lasers  can  be 
continuous  or  pulsed  with  a  pulse  duration  as  short  as  a 
fraction  of  picosend.  Output  power  of  the  laser  can  reach 
very  high  energy  levels.  Table  2.1  summarized  the  various 
kinds  of  commercial  laser  available  and  their  output  power. 

Lasers  are  used  for  material  processing  for  such 
applications  such  aB  welding,  drilling  and  various  forms  of 
micromachinery .  In  our  work,  lasers  had  been  used  as  a 
point  source  of  energy  in  order  to  produce  heat  treatment  of 
the  Pb-Sn  coating,  on  copper  that  can  be  uaed  in  the 
microelectronics  for  limited  small  area  applications  without 
causing  the  heating  of  the  adjusted  area  due  to  the  pulse 
laser  beam  properties:  very  short  pulse  duration  (9  nsec) 
and  a  beam  that  can  be  aimed  and  focused  on  previous 
determined  area. 


2.1.2  Interaction  Laser-Mater ial -Heating  and  Cooling  Process 

Thermal  considerations  are  very  important  where  laser  beams 
are  used  in  material  processing.  Fig.  2.1  is  an 
approximated  schematic  representation  of  intensity  and 
temperature  profiles  produced  by  laser  beam.  Laser  beam 
with  pulse  duration  (t,,)  at  constant  and  uniform  intensity 
I(watt/cma)  normally  incident  on  a  plane  boundary  of  an 
absorbing  material  with  an  absorption  coefficient  a.  The 
reflection  coefficient  at  the  surface  is  R.  R  and  a 
characterize  the  optical  properties  of  the  material  and  are 
assumed  to  be  independent  of  temperature.  The  thermal 
properties  of  the  material  are  described  by  the  specific 
heat  per  unit  mass  Cv,  the  mass  density  p  and  the  thermal 
conductivity  k.  The  heat  diffusivity  D  =  K/Cvp  determines  a 
characteristics  length  ( 2Dt  >*'a,  which  indicates  how 
much  the  temperature  profile  is  spread  out  during  the  laser 
pulse.  There  are  two  limiting  cases  which  are  illustrated 
in  Figs.  2.1a  and  2.1b. 
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Table 

2.1:  Various 

Common 

Lasers 

Laser 

Have  length 

Operation  mode  Maximum  power 

>* 

Pulse 

Watt 

Average 

Solid  state  laser 

Ruby 

0.694 

pulse 

lo10 

Na+J/'glass 

1.064 

pulse 

1012 

Na+J/YAG 

1.0*4 

pulse,  CW 

1  o 

10U 

10b 

Semi  -coriduc  tor 

lasers 

o 

_  O 

Vs 

0.85 

pulse,  CW 

lr 

10  ‘ 

Gas  Lasers 

He-Ne 

0.633 

1.152 

3.391 

CW 

_  n 

10  * 

+ 

Ne 

Ar  + 

Krf 

+ 

Xe 

0.332 

0.488;  0.515 

0.568;  0 . *47 

0.526;  0.547 

CW 

0.1-10 

He-Cd 

0.352;  0.442 

CW 

lo"1 

Cu 

CuX 

0.511 

CW 

lo"4 

lo"1 

Ml 

0.337 

CW 

10' 

1 

co2 

10.6 

pulse,  CW 

1010 

1000 

10* 


Xe 
ArF 
K  r  F 


0.17 

0.248 

0.1*3 


CW 

pulse 

pulse 


Fig.  2.1  Schematic  Intensity  and  Temperature  Profiles. 

a.  The  penetration  depth  or*  of  the  light  is 
email  compared  to  the  thermal  diffusion 
length  (2Dtp)*/2. 

b.  The  penetration  depth  of  the  light  is  large 
compared  to  the  thermal  diffusion  length. 


Case  a:  The  optical  absorption  depth  a-1  is  small  compared 
to  thermal  diffusion  length,  a(  2Dt1>>;,-/a  >>  1.  In  this 
case,  the  energy  absorbed  during  the  laser  pulse  (l-R>Itp 
is  used  to  heat  a  layer  of  thickness  ( 2Dt  )x/ a.  The 
average  temperature  rise  in  this  layer  is 

* AT* ( 1-R ) I  t  /c„  (2Dtp )x/* 

After  the  laser  pulse  the  heat  in  this  layer  diffuses  into 
the  substrate.  The  order  ox  magnitude  of  the  cooling  time 
is  again  equal  to  tp ,  the  time  it  takes  the  heat  to 
diffuse  over  a  distance.  Thus  both  the  heating  and  cooling 
have  the  order  of  magnitude. 


—  = ( 1-R ) I /c„  ( 2Dtp )x/a 

P 

Case  b:  The  optical  absorption  a-1  is  large  compared  to 
the  thermal  diffusion  length,  ( 2Dt  )X/'a»l.  The  light 
absorption  creates  an  exponential  temperature  profile  with 
characteristic  length  a-1. 

AT(z) =<l-R>aIe-“-tp/c„ P 

The  heating  rate  is  AT(z)/tp.  The  cooling  rate 
determines  the  structure  of  the  surface  layer  after  the 
laser  treatment.  Since  the  heat  has  to  diffuse  into  a  the 
substrate  over  a  length  a-1,  the  cooling  time  is  roughly 
a-a/2D.  The  cooling  rate  has  the  order  of  magnitude 

£L  •<l-R>a3<2DltD/c„p) 
dt  v 

From  an  experimental  point  of  view,  the  laser  pulses  can 
always  be  given  sufficient  energy  to  evaporate  the  surface. 
Thus  the  maximum  temperature  rise  is  limited  by  the  boiling 
point  of  the  material.  For  practical  heat  treating 
purposes,  one  would  not  wiBh  to  exceed  the  melting 
temperature  TM  very  much.  Taking,  therefore,  AT*T„,  it 
is  c.ident  that  the  faster  cooling  rates  pertain  in  case  a. 
Most  of  the  cases  of  practical  interest  are  of  case  a,  thus 
the  cooling  rate  TM/tp  are  in  layers  of  (2Dtp)1/a. 
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Appendix  A  shows  calculations  made  according  to  case  a  for 
copper  and  lead.  More  accurate  and  complex  analysis  can  be 
found  in  the  literature  (10,11,121.  The  importance  of  this 
calculation  is  to  give  an  approximation  of  the  energy  needed 
to  produce  melting  of  Pb  by  pulse  laser. 


2.2  Pb-Sn  Metallurgy 

Pb-Sn  alloys  are  used  in  the  electronic  industry  as  a  soft 
soldering  material.  Soft  soldering  process  is  producing  an 
intermediate  layer  between  the  base  metal  and  other 

materials.  The  connected  metals  do  not  melt  during  this 
process  only  the  solder  is  melted  and  bridges  the  distance 

between  the  metals.  Most  of  the  soldering  alloys  are  melted 

below  300*C.  In  this  work,  the  use  of  Pb-Sn  alloy  for 
printed  circuits  boardB  was  investigated.  The  Pb-Sn  is 
electrodeposited  on  copper  conductive  line  and  used  as  a 
coverage  for  the  copper  in  the  etching  process  and  as  soft 
soldering  material  for  further  contacts.  In  order  to 
improve  the  solderability  of  the  electrodeposited  Pb-Sn 
alloy  a  reflow  process  is  applied.  In  this  process,  the 
prepared  printed  circuit  board  is  heated  in  order  to  melt 
the  Pb-Sn.  The  solidified  alloy  shows  better  properties 

than  the  electrodeposited  alloy. 

A.  Brighter  and  smoother  surfaces. 

B.  Higher  solderability. 

C.  It  is  believed  that  impurities  present  at  the  bulk 
materials  moved  to  the  surface. 

D.  improved  adhesion  between  the  copper  and  the  electro¬ 
deposited  Pb-Sn. 


2.2.1  Pb-Sn  Phase  Diagram 

Fig.  2.2  shows  the  tin-lead  phase  diagram.  This  is  a  simple 
eutectic  binary  system.  The  eutectic  point  is  in  61.9%  Sn 
(wt  %)  and  the  melting  point  is  183. 2*C.  For  most 
applications  in  the  electronic  industry  the  eutectic 
composition  is  used  in  order  to  reduce  the  temperature 
needed  for  Bolder ing  and  to  minimize  the  pasty  range. 
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Becuase  the  eutectic  composition  is  61.9%Sn  and  38.1%  Pb  all 
the  lead  base  alloys  in  the  system  contain  primary  grains  of 
lead-rich  solid  solution.  Alloys  that  contained  more  than 
19%  tin  contain  eutectic,  which  consists  of  lead  rich  solid 
solution  in  a  tin  rich  matrix.  A  high  rate  of 
solidification,  as  in  most  soldering  applications,  favors 
the  globular  type  of  eutectic  [71. 

Although  the  solubility  of  tin  in  lead  at  the  eutectic 
temperature  is  19%;  at  room  temperature,  it  is  reduced  to 
about  2%  causing  considerable  precipitation  of  tin  rich 
solid  solution  which  appears  as  granules  and  needles  with 
the  grains  of  lead-rich  solid  solution[7). 

The  Pb-Sn  soldering  material  that  wets  the  base  metal 
usually  produces  a  layer  of  intermetal 1 ic  compounds  between 
the  soldering  material  and  the  base  metal.  Intermetallic 
phases  between  copper  and  tin  are  known.  Fig.  2.3  shows  the 
phase  diagram  of  Cu-Sn  and  the  zones  in  which  the 
intermetallic  compound  Cu3Sn  and  CuBSn  are  produced. 
Cu3Sn  is  produced  only  when  the  melt's  temperature  was 
higher  than  415*,  but  CuaSnB  are  recrystallized  at  lower 
temperature . 


2.2.2  Pb-Sn  Surface  Composition 

R.J.  Bird  18]  examined  lead-indium  and  lead-tin  alloys  by 
ESCA  spectroscopy.  He  found  that  tin  and  indium  are 
markedly  segregated  at  the  surfaces  in  oxidized  form.  The 
alloying  elements  additionally  promote  the  formation  of  a 
form  of  lead  (thought  to  be  PbOa )  more  highly  oxidized 
than  that  obtained  on  the  surface  of  pure  lead  under  the 
same  conditions. 

R.P.  Frandenthal  and  D.J.  Siconolfi  [9]  show  by  Auger 
electron  spectroscopy  studies  that  lead  segregates  to  the 
surface  of  the  Sn-rich  alloy  at  all  temperatures  studied, 
while  tin  segregates  to  the  surface  of  Pb-rich  alloy  at 
temperature  below  180*C. 
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2 . 3  Corrosion 


2.3.1  Polarization 

Potent iodynamic  polarization  is  the  characterization  of 
metal  specimens  by  its  current- potential  relationship.  The 
specimen  is  forced  to  act  as  an  anode  Buch  that  it  corrodes 
or  forms  oxide  coating.  The  potentiodynamic  polarization  is 
used  to  determine  corrosion  characteristics  of  metal 
specimen  in  the  environment  of  interest. 


2.3. 1.1  Polarization  Theory 

When  a  metal  specimen  is  immersed  in  a  corrosive  medium, 
both  reduction  and  oxidation  processes  occur  on  its  surface. 
Typically  the  specimen  oxidized  (corrodes)  and  the  medium 
(solvent)  is  reduced  (liberation  of  hydrogen).  The  specimen 
must  function  as  both  anode  and  cathode  and  both  cathodic 
and  anodic  currents  occur  on  the  specimen  surface.  A 
specimen  in  contact  with  a  corrosive  liquid  assumes  a 
potential  relative  to  a  reference  electrode  termed  the 
corrosion  potential,  A  specimen  at  Eao,,  has 
equal  anodic  and  cathodic  currents  on  its  surface,  so  there 
is  no  net  current  to  be  measured.  E0«»,,  can  be  defined  as 
the  potential  at  which  the  rate  of  oxidation  is  exactly 
equal  to  the  rate  of  reduction.  If  the  specimen  is 
polarized  in  the  positive  direction  the  cathodic  component 
becomes  negligible  with  respect  to  the  anodic  component.  If 
the  specimen  is  polarized  in  the  negative  direction,  the 
cathodic  current  predominated  and  the  anodic  component 
becomes  negligible. 

Experimentally,  one  measures  polarization  characteristics  by 
plotting  the  current  response  as  a  function  of  the  applied 
potential  on  semi-log  chart,  where  cathodic  potentials  are 
negative  with  respect  to  E00,,  and  anodic  potentials  are 
positive  with  respect  to  E„,,  (Fig.  4.1  shows 
experimentally  polarization  curves). 
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2. 3. 1.1  A  Tafel  Plot  Technique 


Where  the  potentiodynamic  polarization  technique  is  suited 
to  giving  an  overall  view  of  the  corrosion  behavior  of  a 
material,  the  Tafel  technique  focuses  on  the  problem  of 
accurately  determining  the  corrosion  rate  of  a  material. 
When  the  potential -current  function  is  plotted  on  semi-log 
paper,  for  a  few  hundred  millivolts  near  E00,..,  it 
characteristically  exhibits  a  linear  region.  The  slopes  of 
this  region  are  known  as  Tafel  constants  and  their 
projection  at  the  intersection  with  Eoo.-*-  defines  I00«.,. 
and  thus  the  corrosion  rate  (Fig.  2.4).  Another  technique 
to  define  corrosion  rate  is  to  use  the  Tafel  constants  in 
the  polarization  Resistance  Plot. 


In  a  simple  n-corroding  system  containing  Z  and  Z*  at 
equilibrium 

Z’  +  e“  J  Z 

and 


ir , ■  -  io . «  i*« 

where 

i,.,  =  current  for  reduction  of  Z- 
i„.«  =  current  for  oxidation  of  Z 
i».„  =  the  exchange  current. 


If  a  potential  is  imposed  on  the  metal  from  an  external 
voltage  source  the  reaction  rate  is  controlled  by  a  slow 
chemical  step  that  requires  an  activation  energy 

ir,.  =  i^e-^'*" 

i„ .  .  =  i_*e_IV»" 

where  n  =  the  over-voltage,  the  difference  between  the 
potential  imposed  on  the  specimen  and  the  corrosion 
potential  ( n  =E»pP-E„0„l  and  where  and  P '  '  are 
constants . 
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Fig.  2.4:  Tafel  plot 


Fig.  2,5:  Response  of  a  reduction-oxidation  system  to 
an  externally  applied  potential 
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Taking  of 
yields 


the  log  of  the  above  equations  and  solving  forr) 


n  =  -So  log 
n  =  log 

where,  =  2.30'  and  Bx  =  2.3B".  These  are  called 

Tafel  Constants. 

Fig.  2.5  is  a  theoretical  drawing  of  these  relationships 
assuming  i«„  =  lyA  and  and  0*.  =  0.1V. 

Experimentally,  only  the  total  current  is  measured.  The 
total  current  is  the  difference  between  the  rate  of 
oxidation  and  the  rate  of  reduction. 

^<na. a  ”  lr  r  m  la  ,  a 


n  =  -0<a  log 


1meas'flo,  z 
1Ex 


A  plot  n  vs.  log  in,.,  is  shown  in  Fig.  2.6. 


In  corroding  system  the  corroding  metal  must  also  be 
considered  and  these  two  systems  are  to  be  treated: 

Z~  +  e*  t  Z 
M*  +  e”  £  M 


Each  of  these  systems  has  its  own  equilibrium  potential 
exchange  current  and  Tafel  slope.  At  the  corrosion 
potential 

1  ,  a  +  i*,H  =  ie  ,  m  +  i-o,M 

Fig.  2.7  illustrated  the  potential  current  relationship  for 
such  a  mixed-electrode  system.  When  EQC,,,  of  the  mixed- 
electrode  system  is  sufficiently  different  from  the 
equilibrium  potentials  of  the  individual  reactions  i«.,M 
and  i«,..  become  insignificant  in  comparison  to  iB>M  and 
i«-.t,  respectively.  The  corrosion  rate  becomes  equal  to 
i.,H  or  i«-,«.  The  corrosion  potential  is  closely 

approximated  by  the  potential  at  which  i«-.»  =  i0,M. 
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2.6:  Measured  current  as  a  function 
of  externally  applied  potential 


The  overall  effect  of  the  mixed  electrode  system, 
concentration  polarization  and  resistance  effects  is  shown 
in  Fig.  2.8.  Concentration  polarization  occurs  when  the 
reaction  rate  is  so  high,  that  the  electroactive  species 
cannot  reach  or  be  removed  from  the  electrode  surface  at  a 
sufficiently  rapid  rate.  The  reaction  rate  became  diffusion 
control.  As  increases  the  current  becomes  diffusion 
limited  and  the  linear  current  range  is  truncated.  The 
effect  of  concentration  polarization  is  minimized  by 
stirring  the  solution. 


2.3.1.1b  Calculation  of  Corrosion  Rate  from  the  Corrosion 
Current 

According  to  Faraday's  Law 

nFW 


Q  = 


M 


where 


Q  =  Coulombs 

n  =  number  of  electrons  involved  in  the  electro¬ 
chemical  reaction 
F  =  the  Faraday,  96,487  coulombs 
W  =  weight  of  electroactive  species 
M  =  molecular  weight  of  electroactive  species 

From  Faraday's  Law 

W  =  QM/nF 

Since  equivalent  weight  -  M/n 


w  .  QxE-W 

W  — 


and  since  Q  =  it  from  Faraday's  Law 


W 


it(E-W) 

F 


Rearranging  gives 


W/t 


i(E-W) 

F 
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OVERVOLTAGE,  Tj  (VOLTS) 


W/t  ia  the  corrosion  rate  (C.R.)  in  g rams /second.  It  is 
convenient  and  traditional  to  express  corrosion  rate  as 
milli-inchea  per  year  (mpy).  These  units  provide  an 
indication  of  penetration. 

Dividing  the  above  equation  by  the  electrode  area  and  the 
density  gives 

C.R. (cm/sec)  =  i(E.W.)/dFA 

after  converting  seconds  to  years,  centimeters  to 
milli-inches ,  and  the  Faraday  (amp-sec/eq)  to  microamps, 
this  becomes 

i ( E.W. )x31.6xl0°xl03 

C.R.  <  mpy ) - - 

dFAx2 . 5x10“ 

Expressing  the  terms  i/A  as  current  density  and  combining 
all  the  constants  gives: 


Corrosion  Rate  (mpy) 


0.13  I0=«-,<E.W.  > 


d 


where 


Ioorr  =  Corrosion  current  density,  yA/cma 

E.W.  =  Equivalent  weight  at  the  corroding  species, g 

d  =  Density  of  the  corroding  species,  g/cm3 


This  equation  is  used  to  calculate  the  corrosion  rate 
directly  from 


2.3.2  Corrosion  Behavior  of  Lead  and  Lead  Alloys  (2) 

The  standard  electrode  potnetial  Epto+2/Pb=-0. 126v  show 
that  lead  is  thermodynamically  unstable  in  acid  solutions 
but  stable  in  neutral  solutions.  The  exchange  current  for 
hydrogen  reaction  on  lead  is  very  small  (x  10_X3-10-11 
A/cma),  but  control  of  corrosion  is  usually  due  to 
mechanical  passivation  of  the  local  anode3  of  the  corrosion 
cells  as  the  majority  of  lead  salts  are  insoluble  and 
frequently  form  protective  coating  or  films.  Table  2.2  show 
some  of  the  lead  compounds  and  their  solubility  products. 
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Table  2.2 


Compounds  of  Lead  (2) 


Compound  of  lead 

Formula 

Stability  product 

Colour 

at  25°C 

Acetate 

(CH,COO) .Pb 

soluble  (55  g/lOOmi) 

whi  te 

Bromide 

PbB  r  2 

5-7  x  lcf  6 

white 

Carbonate 

PbCO. 

-  ,  v -14 
o  *3x) 

white 

Basic  Carbonate 

2PbC0j  *Pb  ( OH ) ^ 

as  above 

white 

Chloride 

PbCl0 

-4 

1  x  10 

wrute 

Chromate 

PbCr04 

-14 

1-8  x  10 

orange 

Dioxide 

Pb0o 

insoluble 

blac  k  or 

*- 

dark  brown 

Fluoride 

PbF, 

3  -7  x  ltf8 

white 

Hydroxide 

Pb (OH )  2 

4  x  Iff  15 

white 

Iodide 

Pbl, 

I  -4  x  10"6 

yel  low 

Monoxide 

PbO 

insoluble 

yel  low-red 

Ni trate 

Pb (N0») - 

J  i 

soluble  (r.0  9 /  100ml ) 

white 

Phosphate 

Pb,(P0.)o 

J  4  2 

Iff55 

white 

Sulphate 

PbSO, 

I  x  I0‘8 

white 

Sulphide 

PbS 

-28 

3-4  x  10 

black 

T r  lplumbic - 

tetr oxide 

Pb,0 . 

3  4 

insoluble 

\  ed 

TIME  (DAYS) 


Fig  2.9  Relationship  between  weight  loss  or  weight  gain  and  time  for  lead  immem«  b 
%  a  nous  environments  (selected  from  Reference  35) 

#  LEGEND 

o  0  5K  (NH*),S04.  pH  2  9  /  0  25*  NaF;  pH  6  3 

A  0  5n  Na,S04,  pH  5  4  %  0  5k  CH,COONH44  CH,COOH.  pH 44 

r  0  01  *  NaOH.  pH  12  B  A  0  04  m  Ca(OH). ;  pH  13 

001  h  Ba(OH),;  pH  11  9  0  5 k  CH ,COONa ,  pH  16 

d  0  5NNaCl.pH  4  9  0  5  *  Ba(OH),.  pH  >  13 

r  0  5sCH,COONH4h  NaOH  . pH  8 9 


Lead  ia  not  generally  attacked  rapidly  by  salt  solutions. 
The  action  of  nitrates  and  salts  such  as  potassium  and 
sodium  chloride  may  be  rapid.  In  potassium  chloride  the 
corrosion  rate  increases  with  concentration  to  a  maximum  in 
0.05M  solution,  decrease  with  higher  concentration,  and 
increase  again  in  2M  solution.  Only  loosely  adherent 
deposits  are  formed.  Fig.  2.9  shows  the  behavior  of  lead  in 
various  salts. 

The  potential /pH  diagram  shown  in  Fig.  2.10  for  the  Pb-HaO 
system  revealed  that  in  the  low  and  high  pH  corrosion  occurs 
owing  to  the  amphoteric  nature  of  lead.  When  isoluble  salts 
are  involved  in  the  system  like  in  the  pH-HaO-SO*  system 
the  potential /pH  diagram  is  changed  and  the  corrosion  zone 
in  the  region  of  low  pH  no  longer  exists  owing  to 
thermodynamic  stability  of  PbS0«. 


2.3.3  Corrosion  Behavior  Tin  and  Tin  Alloys  (3) 

Pourbaix  diagram  for  tin  (Fig.  2.11)  refers  only  to 
solutions  in  which  formation  of  soluble  tin  complexes  or 
protective  layers  of  insoluble  salts  does  not  occur.  The 
wide  field  of  stability  of  the  two  oxides  some  of  it 
extending  below  the  field  of  stability  of  water  indicates 
easy  passivation  over  a  large  range  of  pH,  but  in  either 
strongly  acid  or  strongly  alkaline  solutions  tin  may  be 
dissolved.  The  standard  electrode  potential 

E„„+2/e_„=-0 . 136 .  Pure  tin  is  completely  resistant  to 
distilled  water.  Local  corrosion  occurs  in  salt  solutions 
which  do  not  form  insoluble  compounds  with  stannous  ions 
<e.g.,  in  chloride,  bromide,  sulphate,  nitrate)  but  is 
unlikely  in  solution  giving  stable  precipitates  (e.g., 
borate,  mono-hydrogen  phosphate,  bicarbonate,  iodide).  In 
all  solutions,  oxide  film  growth  occurs  and  the  potential  of 
the  metal  rises.  Contacts  with  a  more  noble  metal  such  as 
copper  or  nickel  increase  the  number  and  intensity  of  pits. 
Tin  when  made  anodic  shows  passive  behavior  as  surface  films 
are  built  up  but  slow  dissolution  of  tin  may  persist  in  some 
solution  and  transpasBive  dissolution  may  occur  in  strongly 
alkaline  solution. 
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pH 


*‘?2. 10 Potential  pH  diagram  for  the  Pb  H,jO  system  The  area  between  0  and  ©  eorre- 
'P°nds  to  the  thermodynamic  stability  of  water  Light  lines  represent  equilibrium  conditions 
between  a  solid  phase  and  an  ton  at  activities  I.  lO'*.  I0'4  and  10* 6  H*””-’*  I.nes  represent 
equilibrium  conditions  between  two  solid  phases  Broken  lines  represent  equilibrium  conditions 
between  two  tons  for  a  ratio  of  these  ions  equal  to  unit)  (after  Deiahay.  Pourbaix  and  van 
Rysselberghe”) 


f  ig  2 . 1 1  potential 'pH  diagram  for  lin  The  full  line*  enclose  the  /ones  where  the  stability 
\  anou«  compounds  or  ions  makes  the  indicated  action  possible  The  broken  lines  indicate  the 
limits  of  stability  of  water  at  a  pressure  of  I  atm  (after  Reference  4  and  Cc  be  Ivor) 
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2.3.4  Corrosion  Behavior  of  Tin  and  Lead  A1 loys-Solders 


From  the  literature  it  is  known  that  solders  are  anodic  to 
copper  (Fig.  2.12).  For  environment  in  which  tin  is  leBs 
readily  corroded  than  lead,  corrosion  resistance  of  the 
alloy  decreases  as  the  lead  content  increases,  the  decrease 
may  in  some  circumstances,  be  sharp  at  a  particular 
composition.  In  the  more  corrosive  media,  such  as  nitride 
solution,  a  sharp  increase  of  corrosion  rate  is  observed  as 
the  lead  content  increases  beyond  30%.  In  water  with  low 
contents  of  dissolved  salts  the  corrosion  rate  increases 
slowly  with  lead  content  up  to  about  70%  and  then  rises  more 
steeply,  but  in  general  run  of  water  supply,  the  ability  of 
lead  to  form  protective  insoluble  anodic  products  is  helpful 
to  the  durability  of  solder  (2,31. 

In  was  found  that  in  alkaline  solutions  [6]  and  in  acid 
solutions  151  the  rate  of  alloy  corrosion  decrease  with 
increasing  tin  content  in  the  alloy.  A. A.  Abdul  Azim  141 
show  that  in  natural  alkaline  medium  the  highest  corrosion 
resistance  is  provided  by  solder  possessing  the  eutectic 
composition . 

Laser  treatment  as  a  heat  treatment  can  produce  higher 
amounts  of  eutectic  composition  in  the  Pb-Sn  alloy  coating 
and  thus  improve  its  corrosion  resistance.  It  was 
interesting  to  test  these  results  in  dilute  chloride 
environment  which  cause  many  failures  in  the 
microelectronics  devices. 

Production  of  intermetal  1 ic  compounds  due  to  heat  treatment 
between  Sn  and  Cn  such  as  CnaSna  can  produce  better 
adhesion  of  the  Pb-Sn  layer,  and  it  can  be  tested  by 
diffraction  analysis. 
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Potential  ( »»  SHE  ,">*) 


3.  EXPERIMENTAL 


3 . 1  Electroplating 

Electroplated  Pb-Sn  alloy  coatings  were  used  to  investigate 
the  effect  of  laser  treatment  on  their  corrosion  resistance. 

Two  kinds  of  electroplated  specimens  were  used: 

A:  Commercial  specimens  coated  with  15ym  40/60  Pb-Sn 
alloy  on  30um  electroless  copper  plated  on  epoxy 
resin,  and  comparing  plated  and  after  reflow  variants. 
The  reflow  process  was  carried  out  at  the  factory  by  a 
commercial  process,  using  infra-red  radiation. 

B:  Laboratory-prepared  specimens  produced  by 

electroplating  copper  foil  with  different  coating 
thickness . 


3.1.1  Laboratory  Electroplatin 

A  Pb-Sn  alloy  coating  was  applied  to  copper  foil,  using  a 
commercial  tin-lead  formula  as  electrolyte  solution  in  the 
electroplating  bath. 

Coating  was  carried  out  at  room  temperature  after  cleaning 
and  pretreatment  of  the  specimens. 

Coating  ranging  from  2  to  about  25vm  were  achieved  by 
varying  treatment  time  between  5  min  and  45  min. 

The  current  working  density  was  set  at  15  mA/cm3  after 
experiments  in  the  10  to  20  mA/cm3  range. 

3. 1.1.1  Specimen  Preparation  and  Pretreatment 

Substrates  for  Pb-Sn  electroplating  had  the  form  of  circles, 
2.5cm  dia.  cut  out  of  0.012  cm  copper  foil  (A.R)  (J.T.  Baker 
Chemical  Co. ) .  Each  specimen  was  scrubbed  with  MgO  powder 
and  dipped  in  ethanol  <95%)  for  5  min  in  an  ultrasonic  bath. 
After  this  preliminary  cleaning  it  was  weighted  on  an 
analytical  balance.  Before  electroplating,  one  side  of  each 
of  the  pair  of  specimens  (see  3. 1.1. 2  below)  was  coated 
with  "microstop"  lacquer  (Tober  Division  -  Michigan  Chrome  & 
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Chemical  Co.)  to  prevent  electrodeposition.  After  the 
lacquer  had  dried,  the  specimens  were  attached  to  the 
holder.  Immediately  before  plating,  they  were  dipped  for  1 
sec.  in  bichromate  ac:  solution,  rinsed  off  with  deionized 
water,  again  dipped  for  4  sec  in  5%  fluoroboric  acid 
solution  and  re-rinsed  with  deionized  water,  after  were 
placed  in  the  electroplating  set-up. 

The  weight  loss  due  to  copper  dissolution,  during  the 
pretreatment,  was  found  to  be  the  equivalent  of  0.25um 
thickness. 


Anode 

Pb-Sn 


Fig  3.1;  Electroplating  bath 


3. 1.1. 2  Electroplating  Bath 

The  electroplating  bath  (Fig.  3.1)  consisted  of  a 
polyethylene  beaker  with  two  Pb-Sn  40/60  anodes  on  each 
side  of  the  cathode  holder.  A  pair  of  substrate  specimens 
were  attached  to  the  holder,  thereby  confining  the  plating 
reaction  to  one  side  of  each  specimen. 
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3. 1.1. 3  Electroplating  Solutions 


A.  Tin-Lead  Alloy  Plating  Solution 

Commercial  plating  solution  for  60/40  tin  lead  alloy, 
manufactured  by  Galvanocor  were  built  up  according  to 
the  following  formula: 


Lead  fluoborate  41gr/l 
Tin  fluoborate  120gr/l 
Fluoboric  acid  140gr/l 
Boric  acid  10gr/l 
Additive  L.A.l  15gr/l 
Additive  L.A.2  15gr/l 
Stabilizer  L.A.3  10gr/l 


The  boric  acid  was  dissolved  first  in  30ml  deionized 
water  at  50*C,  and  other  reagents  were  subsequently 
added . 

B .  Fluoboric  Aid  Solution 

Fluoboric  acid  solution  5%  in  deionized  water  vae 
prepared  by  pouring  5ml  of  the  cone,  acid  into  95  ml 
deionized  water.  About  2gr  of  boric  acid  were  added 
in  order  to  prevent  HF  formation. 

C .  Bichromate  Acid  Solution 

ICgr  of  potassium  bichromate  solution  were  dissolved 
in  50ml  deionized  water  and  10ml  of  H2SO«  cone, 
were  added.  The  solution  volume  was  made  up  to  100ml 
with  deionized  water. 


3. 1.1. 4  Electroplating  Calculations 

A.  Current  density 

Current  density  was  claculated  in  mA/cma  by  dividing 
the  measured  current  on  the  cathode  by  the  specimen 
area . 

B.  Coating  thickness 

Coating  thickness  was  calculated  according  to  the 
equation 

.  4 

d«ri=  1  10 

A  •  p 
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where : 


g*  -  specimen  weitht  after  electroplating  (in  grams) 
g3  -  specimen  weitht  before  electroplating ( in  grams) 
A  -  specimen  area  (in  cm3) 

p  -  coating  density,  claculated  for  40/60  Pb/Sn 
alloy  (in  gr/cm*) 
d  -  coating  thickness  (in  urn) 


3 . 2  Laser  Operation 


,n 

The  laser  used  in  our  experiments  was  an  Nd-YAG  model  OCR-2A 
(Quanta-Ray ) .  It  was  of  the  pulsed  type,  working  at  532  nm 
in  the  visible  range  with  a  pulse  duration  of  7  nsec.  The 
repetition  rate  was  2  pulses  per  second.  The  beam  mode  was 
TEM1.0,  in  the  form  of  a  circle  with  a  hole  in  the  center. 
The  beam  diameter  ouside  the  apparatus  was  about  0.5  cm, 
reduced  through  an  array  of  focusing  lenses  to  about  lOOvm. 
The  radiation  impinged  perpendicular  to  the  surface  (Fig. 
3.2).  Specimen  movements  were  controlled  by  a  computerized 
x-y  table,  whereby  the  affected  zone  could  be  given  the  form 
of  spots,  strips  and  areas,  the  latter  two  being  obtained  by 
shifting  the  specimen  during  the  laser  operation  so  as 
produce  overlapping  between  the  adjusted  pulses. 


3.2.1  Laser  Energy  Calculations 

Laser  energy  per  pulse  was  calculated  according  to  the 
formula : 

W 

Joule/cm3=  r  r  a , j — 


where 

W  -  energy  measured  by  heat  sensitive  apparatus  (Watt) 
R.R-  repetition  rate,  2  pulses  per  second  in  our 
experiment 

A  -  area  of  laser  beam  crossection 

J  -  duration  of  laser  pulse  7  nsec  in  our  experiment 

or,  in  our  case, 

„  W 

E  ~  2-A- 1- 109 
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The  area  of  the  beam  crossection  was  calculated  from  that  of 
the  affected  zone,  but  in  view  of  the  variability  of  the 
latter  with  the  energy,  or  when  more  than  one  pulse  was 
appl ied ,  the  calculation  was  based  on  an  average  affected 
area.  Example :  The  average  diameter  of  the  affected  zone 
was  100pm,  and  the  laser  output  ranged  from  2*5*10-* 
watt  to  20-10-*  watt.  Accordingly,  the  energy  per  pulse 
at  R • R • =2  ranged  from  0.1-10B  joule/sec  to  5-10® 
joule/sec . 


3.3  Polarization 

Potentiodynamic  polarization  was  carried  out  in  dilute  NaCl 
solution  with  concentration  ranging  from  10-3M  to  10_1-M. 
The  resulting  polarization  curves  provided  information 
regarding  the  corrosion  behavior  of  the  Pb-Sn  coating  in 
aqueous  solution.  Corrosion  rates  were  calculated  in 
mil inch  per  year  (MPY)  units. 

Four  types  of  specimen  were  polarized: 

(a)  Commercial,  as  deposited. 

(b)  Commercial,  after  reflow. 

<c)  Laboratory,  as  deposited. 

(d)  Laboratory,  after  melting. 


3.3.1  Polarization  Set-Up 

Potentiodynamic  polarization  curves  were  obtained  with  the 
aid  of  model  350-A  (Princeton  Applied  Research)  set-up. 


3. 3. 1.1  Corrosion  Measuring 

Data  and  parameters  required  for  setting  up  the  system 
before  the  experiments  were  entered  via  the  operational 
push-buttons  and  stored  in  the  memory.  The  analysis  of  each 
run  proceeded  automatically  according  to  the  setup 
parameters.  Data  were  collected  and  stored  during  the 
actual  run  and  then  played  back  in  the  desired  format. 
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The  measuring  system  shown  in  Fig.  3.3  consisted  of  (a)  a 
microprocessor  control  unit;  (b)  a  365  IR  compensation 
module;  (c)  a  corrosion  cell. 

The  microprocessor  control  unit  included  a  potentiostat , 
which  varied  the  potential  and  measured  the  current 
throughout  the  run  according  to  setup  parameters,  and  an  x-y 
recorder.  This  unit  has  the  ability  of  storing  the  data  of 
the  actual  run,  as  well  as  performing  calculations. 

The  compensation  module  served  for  correcting  the  data  on 
solution  resistance. 

The  corrosion  cell  system  is  shown  in  dismantled  form,  in 
Fig.  3.4.  The  corrosion  flask  (capacity  2  liters)  was 
fitted  with  five  opening  for  the  various  components.  The 
specimen  holder,  modified  by  ourselves  was  mounted  in  the 
large  central  opening  and  a  reference-electrode  bridge  tube 
in  the  angled  opening,  forming  a  ball  joint;  the  purge  and 
vent  tubes  were  mounted  directly  opposite  the  reference- 
electrode  bridge  tube,  and  the  counter-electrode  holders  in 
the  remaining  two  openings. 

The  reference  electrode  of  the  saturated  calomel  type,  was 
inserted  in  the  bridge  tube  where  its  bottom  contacted  the 
solution  in  the  tube. 

The  counter-electrodes  were  made  of  high-density  graphite 
rod  and  mounted  on  each  side  of  the  flask.  Two  leads  from 
the  electrometer  housing  were  then  connected  to  the 
apparatus . 

The  corrosion  cell  temperature  was  controlled  by  a  water 
bath  regulated  by  contact  thermometer  to  25°C±2’C. 

Mixing  of  the  solution  was  effected  by  a  magnetic  stirrer 
and  also  by  the  nitrogen  gas  used  in  some  of  the  runs  (see 
3. 3. 1.2  below)  in  order  to  prevent  oxygen  interference. 
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3. 3. 1.2  Experimental  Procedure 


Preparation  of  corrosion  cell 

The  corrosion  cell  was  rinsed  with  deionized  water  before 
the  electrolyte  solution  was  introduced  in  an  amount 
sufficient  to  cover  the  specimen  completely.  After  the 
electrolyte,  NaCl  solution  was  introduced  through  the  purge 
tube  and  bridge  tube;  the  reference  and  counter  electrodes 
were  then  mounted  and  fixed  place  in  the  cell. 

Thereafter,  for  nitrogen  some  of  the  specimens  were  bubbled 
through  the  solution.  After  half  an  hour,  the  loaded 
specimen  holder  was  inserted  in  the  solution  and  the  bridge 
tube  position  adjusted  so  that  the  vycor  tip  was  positioned 
about  1mm  from  the  surface  of  the  specimen.  Continuous 
mixing  was  initiated  when  bubbling  began.  The  system  was 
then  left  for  5  min  in  the  open  potential  state,  at  the 

^corro.ion  level . 

Specimen  preparation 

For  electrical  contact  the  outer  edges  of  the  coating  and 
the  epoxy  face  of  the  commercial  specimens  were  painted  with 
colloidal  silver,  and  allowed  to  dry  before  the  specimen  was 
placed  in  the  holder.  (This  procedure  was  not  neceBaary  for 
the  laboratory  specimen). 

Setting  up  of  apparatus 

The  apparatus  was  aetup  during  the  waiting  period  required 
for  adjusting  the  solution.  After  choosing  the  technique, 
the  respective  parameters  were  entered. 

Some  of  the  specimens  were  subjected  to  cyclic 
potent iodynamic  polarization  and  others  to  a  one  way 
potentiodynamic  scan  only. 

The  parameters  used  for  the  polarization  setup  were: 

Scan  rate:  0.5  mV/sec. 

Initial  potential  (usually)  -1.0  volt  (versus  S.C.E.) 

Final  potential  (usually):  0.0  volt  (versus  S.C.E.) 

Initial  delay:  5  mirutea. 

These  parameters  were  used  in  all  runs  with  a  view  to 
satisfactory  comparability. 
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Run  and  playback 

The  runs  were  initiated  by  pressing  the  RON  push-button. 
First,  the  initial  delay  was  introduced  during  which  the 
open  circuit  potentials  were  measure.  It  was  followed  by 
the  preprogrammed  potent iodynamic  scan,  which  began  in  all 
runs  at  a  cathodic  initial  potential;  the  latter  was 
increased  at  the  desired  rate  in  the  anodic  direction  (with 
the  corresponding  current  density  simultaneously  recorded) 
up  to  the  final  level,  at  which  the  run  ended. 

The  potential -current  readings  were  plotted  by  operating  the 
playback  mode,  the  Y-axis  representing  the  voltage  and  the 
X-axis  the  logarithm  of  the  current  density.  The  resulting 
potentiodynamic  polarization  curve  yielded  the  relevant 
Tafel  constants,  and  the  corrosion  rate  was  calculated 
accordingly . 


3 . 4  Modes  of  Analysis 

Optical  microscopy  was  carried  out  with  a  Nikon  instrument 
equipped  with  camera. 

Scanning  electron  microscopy  was  carried  out  with  a  Jeol 
Model  T-200  instrument. 

Semi  quantitative  microanalysis  was  carried  out  with  an 
X-ray  energy  dispersive  unit  (EDS)  model  PN200  (Tracor)  with 
the  various  elements  in  the  coating  identified  and 
determined  quantitatively  by  computer. 

Surface  analyses  were  carried  out  by  Auger  spectroscopy 
(AES),  using  a  scanning  Auger  microprobe  model  590A 
(Physical  Electronic  Ind. ,  Inc.). 

X-ray  diffraction  was  carried  out  in  the  search  for  phase 
transformations  induced  by  the  laser  treatment 
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4.  RESULTS 


4 . 1  Polarization  -  Corrosion  Resistance  Testa 

Potentiodynamic  polarization  was  carried  out  in  order  to 
assess  the  susceptibility  of  Pb-Sn  alloy  to  corrosion  in 
chloride  solution.  Corrosion  rates  of  the  various  specimens 
and  in  various  chloride  concetration  were  calculated  from 
the  polarization  curves. 


4.1.1  Preliminary  Experiments 

Preliminary  experiments  were  conducted  with  commercial 
specimens  that  were  15vm  40Pb-60Sn  deposit  on  70um 
electroless  copper  coating  on  epoxy.  Half  of  the  samples 
were  after  a  reflow  process.  These  samples  were 
potentiodynamically  polarized  at  various  chloride 
concentrations  ranging  from  10-3  to  10-1M  NaCl . 
Nitrogen  purging  was  applied  in  some  of  the  experiments  in 
order  to  evaluate  the  dissolved  oxygen  effects  on  corrosion 
resistance . 

Figs.  4.1,  4.2  and  Table  4.1  summarize  these  experiments. 
Typical  polarization  curves  are  shown  in  Fig.  4.1.  From 
these  curves  we  see  that  the  sample  underwent  general 
corrosion,  both  the  as-deposited  and  the  reflcw  specimen. 
No  passivation  zone  was  observed  during  potentiodynamic 
polarization  of  both  the  as-deposited  and  the  reflow 
specimen. 

For  some  of  the  samples,  reverse  scan  was  also  applied  (Fig. 
4.1c).  The  reverse  scan  was  found  to  be  less  than  the 
forward  scan  and  no  breakdown  potential  was  observed.  This 
behavior  shows  that  the  system  was  a  non-local ized  corrosion 
system.  Table  4.1  and  Fig.  4.2  summarize  the  corrosion 
rates  that  were  calculated  from  the  potentiodynamic  curves. 
The  corrosion  rates  were  calculated  in  MPY  units  and  ranged 
from  0.5  to  150  MPY.  Table  4.1  and  Fig.  4.2  show  that  for 
reflow  specimen  without  nitrogen  purging  the  corrosion  rate 
was  at  maximum  at  0.025  MCI-  and  decreased  drastically  for 
higher  and  for  more  dilute  chloride  concentration.  The 
as-deposited  specimen  with  nitrogen  purging  showed  a  similar 
behavior  but  the  decreases  in  corrosion  rates  were  slight 
(Fig.  4.2). 
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It  seems  from  these  experiments  that  nitrogen-purging 
experiments  yielding  smaller  corrosion  rates  that  the 
non-purging  system,  e.g.  40.78  MPY  and  0.488  MPY  correspond 
to  the  corrosion  rates  observed  for  the  as-deposited 
specimen  during  polarization  at  0.1  M  Cl-  without  and  with 
nitrogen  purging,  respectively.  More  comparative  tests  have 
to  be  done  in  order  to  draw  a  conclusion. 


4.1.2  Polarization  of  Laboratory  Electroplating  Samples 

Corrosion  resistance  of  various  Pb-Sn  coating  thickness  on 
copper  foil  were  evaluated  from  potentiodynamic  polarization 
at  10“aM  and  10_1M  NaCl  solutions.  In  addition  to  the 
as-deposited  film,  specimens  after  meiting  at  300*C  for  5 
sec  were  also  polarized.  Figs.  4. 3-4. 5  show  typical 
polarization  curves  while  Tables  4.2,  4.3  and  Fig.  4.6 

summarize  the  results  obtained  from  the  potentiodynamic 
polarization  curves. 

The  typical  polarization  curves  shown  in  Figs.  4.3,  4.4  and 
4.5  were  similar  and  were  characterized  by  an  apparent 
breakdown  potential  at  about  -400  mV  to  -500  mV,  that  can 
be  due  to  breakdown  of  the  oxides. 

The  corrosion  potential  (8a„,l  and  the  corrosion  rates 
(in  MPY)  were  obtained  from  the  potentiodynamic  curves.  In 
Table  4.2  results  of  polarization  at  10-aM  are  given, 
while  in  Table  4.3  the  results  of  polarization  at  10-1M 
are  summarized.  The  results  of  the  as-deposited  specimens 
are  shown  in  parts  A  of  the  tables  while  those  of  the  melted 
ones  are  shown  in  parts  B  of  Tables  4.2,  4.3.  The  tables 
show  a  trend  of  decrease  in  Eot=,-«-  as  the  deposit  thickness 
increases.  A  possible  explanation  can  be  the  higher  effect 
of  the  copper  base  on  the  E„orr  of  the  thinner  coating,  as 
a  result  of  a  more  porous  coating.  For  example, 
values  of  -0.726V  (S.C.E.)  and  -0.756V  (S.C.E.)  were 

obtained  for  coating  thicknesses  of  7.4  tim  and  24.3  vm 
respectively. 

The  dependence  of  corrosion  rates  on  coating  thickness  is 
shown  clearly  in  Tables  4.2,  4.3  and  Fig.  4.6.  A  decrease 
in  corrosion  rate  was  obtained  as  the  coating  thickness 
increased.  For  example,  corrosion  rates  of  1.549  MPY  and 
0.875  MPY  were  obtained  from  polarization  in  10-aM  Cl” 
of  as-deposited  specimens  with  coating  thickness  of  7.4  urn 
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and  23.9  via  respectively.  Fig.  4.6a  shows  thiB  trend  very 
clearly  for  10”aM  Cl'  solutions,  while  Fig.  4.6b  for 
10-1M  1  solutions. 

The  resultant  corrosion  rates  obtained  for  10”aM  and 
10"aM  Cl”  ranged  from  1.6  MPY  to  0.1  MPY .  The  corrosion 
rates  obtained  at  10"aM  Cl"  solution  ranged  from  1  MPY 
to  higher  values  while  for  10-1-M  Cl”  solution  from  1  MPY 
to  lower  values  (Fig.  4.6). 

Comparison  between  the  as-deposited  and  melted  specimens 
shows  that  the  melted  surfaces  have  smaller  corrosion  rates 
than  the  as-deposited  ones.  For  example,  1.427  MPY  against 
0.976  MPY  for  as-deposited  and  melted  specimens  respectively 
(Table  4.2).  No  clear  trend  was  observed  as  to  the  effect 
of  the  solidification  process  on  values. 

For  technical  reasons  and  lack  of  time,  corrosion  test  of 
laser-treated  surface  were  not  done  and  will  be  carried  out 
during  the  second  year  of  the  project. 
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Fig.  4.1 

Typical  poten  iodynaroic  curves  obtained  for  Pb/Sn 
commercial  specimen.  A.  As  deposited  specimen  polarized 
at  1 0” 3M  NaCl.  B.  Specimen  after  reflow  polarized  at 
As-deposited  specimen  polarized  at 
Specimen  after  reflow  polarized  at 
As-deposited  specimen  polarized  at 


10-,M  NaCl •  C. 

10“lM  NaCl.  D. 

10-1M  NaCl.  E. 

2.5. 10_IM  NaCl. 
2.5. 10~3M  NaCl. 


F.  Specimen  after  reflow  polarized  at 
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CHLORIDE  CONCENTRATION  (M) 


Fig .  4.2:  Effect  of  chloride  concentration  on 
Pb-Sn  corrosion  rate. 
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Table  4.1  Results  of  Preliminary  Potentiodynamic 

Polarization  of  Commercial  Specimen 


T  a  b  1 «  4  . 

1  Results  of 

prelim inary  p o t e n t i q dynamic  polarization 

of  comaercial 

specimen 

No . 

Reflow 

+  /  - 

N0  Purge 
"  +/- 

NaCl 

Mo  1/1 

MPY 

101 

- 

4 

0.025 

102 

4 

4 

0.025 

301 

- 

4 

0.025 

70? 

4 

4 

0.025 

401 

- 

- 

0.001 

2.815 

402 

+ 

- 

0.001 

1 .  7  6  1 

501 

- 

- 

0.01 

- 

502 

4 

- 

0.01 

1  .  545 

601 

- 

- 

0.1 

40.78 

602 

f 

- 

0.1 

3b  .55 

701 

4 

- 

0.025 

50.54 

702 

4 

- 

0.025 

144.2 

801 

4 

- 

0.1 

0.488 

802 

4 

4 

0.  1 

0.854 
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Fig .  4.3:  Typical  curveB  obtained  dur:' ng  potentio- 

dynamic  polarization  of  Pb-Sn  specimen  with 
various  coating  thickness  at  10-3M  NaCl . 

A.  Coating  thickness  7.4  yro. 

B.  Coating  thickness  23.9  vm. 
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Fig .  4.4:  Typical  curves  obtained  during  potentio- 

dynamic  polarization  of  Pb-Sn  specimen  after 
melting  with  various  coating  thickness  at 
10“aM  Cl” . 

A.  Coating  thickness  2.7ym. 

B.  Coating  thickness  24.2ym. 


4 


Table  4.2a 


n  c  o  r  r  o  s 


Specimen 

No. 

22 

23 

4  6 

52 

Coa  ting 

Thic  kriess 
Mm 

2 .  S 

7.4 

11.7 

IS.  1 

?  T  'V 

MPY 

- 

1  .  54 o 

1  .427 

1  .074 

fi  .  ■ c , 

E 

c  o  r  r 

V(S.C.E. ) 

-0.531 

-0.702 

-0.71b 

■0 . 720 

-  0  '  I .. 

Table  4.2b  Corrosion  test  at  10  HaC'i  with  oitingon  pu»qinj 
melting  in  oven  at  3QQ°C 


Specimen 
No . 

21 

27 

35 

4  1 

1  * 

Coating 
thic  kriess 
Mm 

2 . 7 

c  c 

v .  7 

1  b .  5 
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MPT 
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0.9/ t> 

1  .  0  7 

E 

c  o  r  r 

viS.C.E. 

.1 
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fO 
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-  0  .  b  4  5 
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PLATED  Pb/Sn  ON  COPPER  FOIL 
CHLORIDE  CONCENTRATION  :  10'2  M  Ci 
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PLATED  Pb/Sn  ON  COPPER  FOIL 
CHLORIDE  CONCENTRATION  :  10’’  M  Cf 
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Fig.  4.6:  Corrosion  rates  of  Pb-Sn  coating  vs 

thickness.  A.  In  10-3M  Cl“.  B. 
ci- 
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4 . 2  SEM  Observations  After  Polarization 


Figs.  4.7  to  4.15  are  SEM  observations  of  the  surface  of 
the  specimens  corroded  as  described  in  Chapter  4.1. 
Figs.  4.7  to  4.10  are  SEM  observations  of  commercial 
specimens  after  polarization,  while  Figs.  4.11  to  4.15 
show  the  corroded  surface  areas  of  the  laboratory 
prepared  specimens. 

4.2.1  Commercial  Specimens 

SEM  observations  of  commercial  specimen  areas  before  and 
after  corrosion,  shown  in  Figs.  4.7  to  4.10,  revealed  the 
following  phenomena.  The  morphology  of  the  as-deposited 
coating  surface  before  polarization  differed  from  that  of 
the  reflow  specimen.  For  example,  we  see  in  Fig.  4 . 7A 
the  surface  of  as  deposited  commercial  specimens  and  in 
Fig.  4.7B  the  surface  of  reflow  specimen.  The  morphology 
of  the  area  shown  in  Fig.  4.7A  was  porous  but  separate 
zones  were  not  observed;  by  comparison,  the  surface 
shown  in  Fig.  4.7B  for  the  reflow  specimen  was  smooth  but 
contained  brighter  zones  with  a  very  high  concentration 
of  Pb,  as  shown  clearly  in  Fig.  4.8. 

Fig.  4.8A  shows  the  E.D.S.  semiquantitative  analysis  of 
the  uncorroded  area  of  the  as-deposited  specimen:  43.6% 
Pb;  54.3%  Sn;  1%  Cu.  The  reflow  area  composition 
analysis  were  as  follows.  The  composition  of  the  bright 
areas  shown  in  Fig.  4.7  was  88%  Pb,  10%  Sn,  while  the 
composition  between  the  bright  zones  was:  32%Pb,  67%  Sn . 
The  overall  composition  was  40%  Pb  and  58%  Sn. 

Figs  4.9,  4.10  show  the  corroded  areas  of  the  commercial 
specimen.  In  Fig.  4.9A,  4.9B,  the  Pb-Sn  coating  was 
dissolved  almost  totally,  as  can  be  seen  by  the 
composition  which  was  mostly  copper  (66.1%)  for  the 
as-deposited  specimen  and  contained  only  4.9%  Pb  for  the 
reflow  specimen  (Fig.  4.9B).  Crystals  rich  in  copper 
were  found,  possibly  copper  chloride  crystals.  From 
Figs.  4.9,  4.10  we  see  also  that  Pb  dissolved  more 
rapidly  than  Sn.  For  example,  5.1%  Pb  and  58.0%  Sn 
remained  after  polarization  in  the  corroded  area  shown  in 
Fig.  4.10A. 
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Surface  SEM  observations  of  commercial  Pb-Sn 
40/60  deposits  on  epoxy  plated  70wm  copper. 

A.  As-deposited  x5000.  B.  After  reflow  x5000. 
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E.D.S.  reBultB  of  area  shown  in  Fig.  4.7 

A.  As-deposited  area. 

B.  Reflow  area. 
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Fig .  4.9:  Surface  SEM  observau  -.'.s 

40/60  deposited  on  e|.»»»AV  r  I  i 

Deposited  were  polarized  »i 

without  purging  nitrogen. 

A.  As-deposited  specimens. 
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Fig .  4.10:  Surface  SEM  observations  of  commercial  Pb-Sn 
40/60  deposited  on  epoxy  plated  70tim  copper. 
Deposited  were  polarized  at  0.1M  Cl-  without 
purging  nitrogen. 

A.  As-deposited  specimens. 

B.  Specimen  after  reflow. 
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4.2.2  Laboratory  Specimens 

Figs.  4.11  to  4.15  show  SEM  observations  of  the  corroded 
area  morphology  after  potentiodynamic  polarisation  of 
laboratory  prepared  specimens  with  various  coating 
thickness.  Fig.  4.11  shows  corroded  areas  of  as-deposited 
specimen  after  polarization  in  10~aM  NaCl ,  Fig.  4.12  the 
same  area  at  higher  magnification,  and  Fig.  4.13  the  E.D.S. 
analysis  of  these  areas.  Figs.  4.11A,  4.12A  and  4.13A  show 
that  the  corroded  area  of  2.8um  Pb-Sn  coating  was  mostly 
copper  chloride  as  can  be  seen  clearly  from  the  elements 
composition  of  the  area:  19.7%  Cl;  1.3%  Pb,  23.5%  Sn  and 
55.5%  Cu  (Fig.  4.13A).  Specimens  with  thicker  coatings  (7.4 
vs  and  11.7wm)  exhibited  a  corroded  area  with  a  highly 
ordered  structure  (Figs.  4.11B.C,  4.12B,  C)  in  which  the 
E.D.S.  analysis  revealed  the  presence  of  only  Sn,  e.g.,  0.8% 
Cl,  6.9%  Pb,  92.3%  Sn  and  0%  Cu  (Fig.  4.130.  Comparison 
between  these  corroded  areas  and  the  uncorroded  areas  (Fins. 
4.12D,  4.13D)  suggested  dissolution  of  Pb  only  during 
polarization  process  which  led  to  an  Sn  ordered  structure. 

The  heat  treated  specimens  (300*C  in  oven  for  4  sec.)  before 
and  after  polarization  exhibited  a  slightly  different 
behavior.  The  corroded  areas  show  hole  formation  in  the 
coating  surface  compared  with  the  uncorroded  areas  (Figs. 
4.14,  4.15).  The  E.D.S.  element  analysis  summarized  in 
Table  4.4  provided  information  on  Pb  dissolution  during 
polarization  hence  an  increase  in  Sn  content.  For  example, 
for  coating  thickness  of  16.5um  39%  Pb  and  60%  Sn  were 
detected  before  polarization  as  against  24%  Pb  and  75%  Sn 
after  polarization.  Fig.  4.16  show  that  Pb  dissolution  was 
more  or  less  at  a  constant  ratio  to  the  initial  Pb  content ; 
between  30%  to  40%  of  the  initial  Pb  content  were  dissolved. 


Fig .  4.11:  SEM  observations  o£  corroded  areas  after 
potent iodynamic  polarization  at  10_2M  NaCl 
of  specimen  with  various  Pb-Sn  coating 
thickness.  A.  Coating  thickness  2.8ym  xl500. 

B.  Coating  thickness  7,4ym  xl^OO. 

C.  Coating  thickness  1 1 . 7 u m  xlOOO. 

(No.  22,  29,  i8 ) . 


CO 


Fig .  4,12;  SEM  observations  of  corroded  and  uncorroded 
surfaces  of  specimen  with  various  Pb-Sn 
coating  thickness  after  polarization  in 
1 0~*  aM  NaC 1 . 

A.  Coating  thickness  2.8um  x7500. 

B.  Coating  thickness  7*4um  x7500. 

C.  Coating  thickness  Il.7ym  x7500 

D.  Uncorroded  area,  7.4um  x7500. 
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4.14:  SEM  observations  of  heat  treated  specimen 
before  and  after  pot entiodynamic  polarization 
-  10-aM  NaCl  at  various  thicknesses. 

A.  2.7  ym  before  polarization,  xl500. 

B.  2.7  ym  after  polarization,  xl500. 

C.  5.5  ym  before  polarization,  x5000. 

D.  5.5  ym  after  polarizat ion ,  x5000. 

E.  9.7  ym  after  polarization,  x5000. 

(No.  21,  27,  35). 
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Table  4.4:  Summary  of  E.D.S.  analysis  of  laboratory  specimen 
before  and  after  polarization 


Table  4 

.  4  Summai  y  of  E  .  S  .  D  . 
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4 . 3  Laser  Treatment 


4.3.1  Laser  Experiments  -  Lines 

Nd-YAG  pulse  laser  at  530  nm  was  used  to  treat  the  Pb-Sn 
alloy  coating  in  order  to  produce  heat  treated  zones  in  a 
mode  that  can  be  a  substitute  to  the  reflow  process  for  small 
limited  areas.  It  is  also  believed  that  better  corrosion 
resistance  will  be  achieved  at  the  laser  treated  surfaces. 
The  first  stage  of  the  experiment  was  to  define  the  laser 
working  conditions  and  its  effects  on  the  treated  surfaces. 
Initial  experiments  were  done  on  Pb-Sn  coating  (6.8  vm 
thickness)  when  lines  were  produced  as  can  be  seen  in  Fig. 
4.17  for  three  laser  intensities.  Figs.  17a, b  were  for  the 
lowest  and  Fig.  17e,f  for  the  highest  laser  energy.  Melting 
zones  treated  with  laser  are  seen  in  Fig.  17  b,d,f.  The 
shape  of  the  laser  pulse  cross-section  is  seen  clearly  in 
Fig.  17a  but  as  the  energy  increases  the  melted  zone  adopted 
a  more  complex  form  (Figs.  17c, e).  The  melted  zones  differed 
from  the  untreated  areas  as  can  be  seen  clearly  from  Figs. 
4.18.  The  as-deposited  area  (Fig.  4.18a)  shows  a  packed  pile 
in  which  separate  single  grains  are  visible.  The 
laser-treated  area  revealed  the  footprint  of  the  laser  pulses 
at  lower  magnification,  (Figs  4.17a,c,e>  and  a  change  in  area 
morphology  at  higher  magnification  (Fig.  4.16b).  The  melted 
area  exhibited  smoother  morphology  at  higher  magnification  in 
comparison  to  the  as-deposited  specimen  brighter  areas, 
Pb-rich  zones  were  observed  at  the  laser  located  areas. 

Figs.  4.19  are  SEM  observations  of  laser  treatment  of  2.7  urn 
thickness  Pb-Sn  coating  with  various  laser  intensities  ranged 
from  2-10B  watt/cm2  (Fig.  4.19a,b)  to  6‘10s 

watt/cm2  (Fig.  4.19e,f).  The  melted  zone  higher 
magnification  observations  are  shown  in  Fig.  4.20.  The  main 
features  observed  in  Fig.  4.19  were  the  complex  form  produced 
by  laser  treatment  and  the  formation  of  a  halo  that 
surrounded  the  lines.  As  the  laser  intensity  was  increased 
the  line  form  became  more  complex  and  a  wider  halo  was 
produced.  The  difference  between  the  treated  zones  and  the 
as-deposited  materials  is  shown  clearly  in  Figs.  4.20a,c.e 
where  the  line  edges  are  seen  in  details.  The  high 
magnification  Figs.  4.20  b,d,f  show  the  details  of  the  melted 
area . 

From  Figs.  4.20  it  is  seen  that  for  the  lowest  laser 
intensity  (Fig.  4.20  a)  the  melted  zone  was  above  the 
background  while  for  the  highest  energy  (Fig.  4.20c)  the 
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melted  zone  level  is  beneath  the  untreated  area.  This 
observation  is  confirmed  by  the  E.D.S.  results  shown  in  Table 
4.5:  increase  in  copper  content,  as  the  laser  energy  was 
increased,  which  meant  a  deeper  eltect  ol  the  laser 
treatment . 

For  better  understanding  of  the  laser  interference  with  the 
Pb-Sn  coating,  we  applied  laser  treatment  under  various 
conditions  without  moving  the  specimens. 


Table  4.5  F.D.S.  mi crona 1 avsi s  of  laser  t.iealed  zone  with  virions  laser 
intensities 


Fb 

wtz 

Sn 

wts 

O  1 1 

W  t  X 

Background 

without  laser 

54.1 

4  4  .  7 

1.2 

Laser  pulse 
intensity 

2  -10  &watt /cm2 

54.2 

4  u> .  y 

2. 0 

Laser  pulse 
intensity 

4  -lo'^watt/cm2 

51.4 

4  5 . 8 

2 . 3 

Laser  pulse 

iritensi  ty 

8  2 

6  *10  'watt /  cm*' 

52.0 

44.2 

3 . 7 
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Fig.  4.17  SEM  observations  of  laser  treated  surfaces  at 
various  laser  pulse  power  densities  (Rep.  rate  2Hz, 
overlap  0.5  scan  speed  50  wm/sec).  pb-Sn  coating 
thickness  6.8  ym. 

A.  1.010'7  watt/cm3  <xl50>. 

B.  Enlargement  of  line  shown  in  Ax5000. 

C.  1.0.10“  watt/cm3.  X150. 

D.  Enlargement  of  line  shown  in  C,  xl500. 

E.  2.5.10“  watt/cm3,  xl5G. 

F.  Enlargement  of  line  shown  in  E,  xl500. 
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Background  Composition  Line  Composition 
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Fig .  4.18:  SEM  observations  of  6.8ym  Pb-Sn  coating  on 

copper  foil. 

A.  Without  laser  treatment,  xl0,000. 

B.  After  laser  treatment  at  pulse  power  density 

1 • 107  -  - °°° ■ 
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Fig .  4.19:  SEM  observations  of  lines  formed  by  laser 

treatment  on  2.7ym  Pb-Sn  coating,  with  various 
pul'.e  power  densities.  (Rep.  rate  2Hz,  overlap 
0.5  scan  speed  50ym/sec.>. 

A.  2.10a  watt/cm3,  x3.5. 

B.  Enlargement  of  Axl50. 

C.  4.10*  watt/cm3,  x35. 

D.  Enlargement  of  C,  xl50. 

E.  6.10*  watt/cm3,  x35. 

F.  Enlargement  of  E,  x!50. 
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Fig.  4.20:  Enlargement  of  area  shown  in  Fig.  4.19. 
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4.3.2  Laser  Experiments  -  Spots 

Figs.  4.21  to  4.26  are  SEM  spot  observations  taken  under 
different  conditions.  Laser  intensity  and  pulse  number  were 
varied  and  spots  were  formed  on  the  Pb-Sn  coating  reflecting 
the  difference  in  laser  treatment  conditions.  For  each  laser 
intensity  the  pulse  numbers  per  spot  were  1,  2,3,5  and  10 
pulses . 

In  Fig.  4.21  the  single  pulse  variant  is  shown  with  pulse 
energy  density  ranging  from  0.25-10®  watt/cm®  to 
1-8- -10®.  The  smallest  affected  area  was  observed 
for  the  lowest  energy  used,  while  for  the  higher  energy 
densities  (Figs.  4.21a,b)  the  laser  produced  depth  effects  in 
the  form  of  a  circular  crater. 

Fig.  4.22  shows  the  influence  of  pulse  number  for  the  highest 
energy  density  used  in  this  experiment.  The  shallowest 
effect  was  observed  for  the  area  produced  by  a  single  pulse 
(Fig.  4.21)  and  two  pulses  (Fig.  4.22),  and  crater  depth 
increased  with  the  number  of  pulses.  For  five  and  ten  pulses 
layers  were  formed  at  the  edge  of  the  craters,  their  number 
also  increasing  with  the  number  of  pulses.  The  center  of 
each  crater  was  depressed  relative  to  its  edges. 

The  same  phenomenon  is  seen  in  Figs.  4.23,  4.24  and  4.25  for 
energy  densities  1.44-10®,  0.55-10®  and  0.25-10® 
watt/cm®,  respectively.  It  is  clear  that  as  laser 
intensity  decreases,  so  do  the  radius  and  depth  of  the 
affected  area. 

Fig.  4.27  summarizes  the  information  of  the  above 
experiments.  The  diameter  of  the  affected  area  increases 
with  the  number  of  pulses  and  laser  intensity,  e.g.  60  um  was 
the  diameter  observed  for  1  pulse  at  2 -5- 10®  watt/cm® 
as  against  about  100  um  at  18-10®  watt/cm®.  The 
affected  area  diameter  increased  from  about  10  um  to  above 
140  um  for  one  and  ten  pulses  at  18-10®  watt/cm® 
respectively. 

A  treated  area  with  better  applicable  morphology  was  achieved 
when  the  pulse  energy  density  was  0.25-10®  watt/cm®. 
Higher  energies  produced  undesirably  deep  craters  in  the 
Pb-Sn  coating.  This  was  the  reason  for  choosing  0.25-10® 
watt/cm®  as  the  working  condition  for  treatment  of  large 
areas . 
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Fig.  4.25:  SfcM  observations  of  efie.l  of  numbei  of  pulses, 

laser  energy  per  pulse  0.2  6  wat.  t /cm^« 

A.  Two  pulses,  x750. 

B%  Three  pulses,  x750. 

C.  Five  pulses,  x750. 

D.  Ten  pulses,  x750. 
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LASER  AFFECTED 


Fig-  4.27: 


Effect  of  laser  intensity  on  affected  area 


4.3.3  Laser  Experiments  -  Area 


Fig.  4.28  is  SEM  observation  of  the  area  produced  by  moving 
the  specimen  in  overlapping  lines  by  computerized  x-y  table, 
using  the  lowest  pulse  energy  density  -  0.25- 10“ 
watt/cm3.  Fig  4.28a  is  a  general  view  of  the  treated  area, 
while  Fig.  4.28b,c  show  the  details  of  the  area  between  the 
lines.  The  overlap  between  the  pulses  in  each  individual 
line  was  satisfactory  and  that  between  the  lines  almost 
complete.  Fig.  4.28d  shows  the  edge  o2  the  treated  area  and 
the  difference  between  the  melted  zone  and  the  background. 
Figs.  4.28e,f  are  higher  magnifications  of  the  treated  area, 
showing  the  melted  area  with  Pb-rich  bright  zones  produced  by 
the  laser  treatment. 

Table  4.6  summarizes  the  E.D.S.  results  obtained  in  the 
above  experiments.  The  untreated  area  composition  was  about 
57%  Pb  and  42%  Sn,  while  the  treated  area  contained  about  45% 
Pb  and  51%  Sn.  Two  causes  can  be  offered  for  this 
phenomenon:  1)  Volatilization  of  Pb  as  a  result  of  the  laser 
treatment;  2)  Inhomogeneity  of  the  melted  zone.  The 
composition  of  the  bright  zones  was  about  90%  Pb  and  9%  Sn, 
while  the  area  between  contained  approximately  16%  Pb  and  83% 
Sn. 


Table  4.6:  Summary  of  E.D.S.  Results  Obtained  During 

Production  of  Laser  Treatment  Area  On  Pb-Sn 
Coating  (Fig.  4.28 


Pb 

Sn 

Cu 

wt; 

wt; 

wt; 

Bac  kgrourid 
untreated  area 

57 . 5 

41.8 

0 .  b  c-> 

Laser  treated 

44.7 

51.2 

4  .  1 

area 

Bright  zone 
in  laser 
treated  area 

#9.7 

1  .  3 

Between 
br lgh t  zones 

to.  2 

ft  9  6 
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Fig .  4.28:  SEM  observations  of  area  formed  on  5.5  Mm  Pb-Sn 

coating  of  copper  foil.  Power  density  per  pulse 
0.25'1Q®  watt/cm2.  R.R.  2Hz,  overlap  0.5, 
scan  speed  25  ym/sec.  Space  between  lines  50  um. 

A.  General  view,  xl50. 

B.  x750. 

C.  Between  lines,  x2000. 

D.  Edge  area  x2000. 

E.  x3500 

F.  X7500. 


82 


4.3.4  Laser  Experiments  -  Defocusing 


In  order  to  minimize  the  unevenness  of  the  treated  surface 
experiments  with  defocusing  of  the  laser  beam  were  conducted 
<Figs.  4.29,  4.30).  Fig.  4.29  shows  the  treated  areas  for 
the  single,  five  and  ten  pulses  variants.  The  affected  areas 
had  irregular  shapes  (created  by  laser  beam  cross-section  and 
its  reflected  image)  and  differed  from  the  untreated  one  by 
melting  of  the  surface  as  can  be  seen  clearly  for  ten  pulses 
and  a  single  pulse,  respectively  (Figs.  4.29c,d). 

These  Figs.  also  show  that  the  effect  intensified  with  the 
number  of  pulses. 


A  large  area  produced  by  overlapping  between  lines  is  shown 
in  Fig.  4.30. 

Fig.  4.30  is  an  overview  of  the  treated  area,  while  Figs. 
4.30  b  and  c  show  it  at  higher  magnifications.  The 
difference  in  surface  morphology  between  the  treated  and 
untreated  variants  is  seen  clearly  in  Fig.  4.30d;  it  is  also 
confirmed  by  the  E.D.S.  analysis  (Table  4.7),  which  indicates 
a  transformed  2one  -  bright  spots  with  higher  Pb 
concentration  -  the  general  composition  of  the  area  remaining 
as  about  51%  Pb,  41%  Sn  and  8%  Cu. 


These  results  seem  to  be  promising  and  in  this  direction  work 
will  continue. 


Table  4,7 

E.D.S.  Results  of 

4.30 

Various 

Areas  Shown 

in  Fig. 

Pb 

Sn 

wi : 

wt: 

W  t 

•e 
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41.75 

•1  7 

Bright  spot 
(Point  1) 

81 . 73 

10.fr/ 

- 

.  M* 

Between  bright 
(Point  2) 

spots  8.10 

81.34 

10 

.  4 

Treated  area 
overview 

51.41 

4  1  .  0t. 

; 
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SEM  observations  of  defocusing  experiment. 
Laser  intensity  0.001  watt. 

A.  One,  five  and  ten  pulses,  x35. 

B.  Ten  pulses,  x200. 

C.  Ten  pulses,  x3500. 

D.  Single  pulse,  x3500. 
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Fig.  4.30:  SEM  observation  of  defocusing  laser  experiment. 

Laser  intensity  0.001  watt. 

A.  General  view,  x35. 

B.  Affected  area  x3500. 

C.  Affected  area,  <10000. 

0.  Area  without  laser  treatment,  x7500. 
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4.3.5  Auger  Spectroscopy  Observations  of  Laser  Treated  Area 


In  order  to  examine  the  surface  of  the  melted  area,  Auger 
spectroscopy  was  used.  Fig.  4.31  shows  Auger  observations  of 
the  untreated  area  and  Fig.  4.32  those  of  the  treated  area. 
The  specimen  examined  was  the  one  in  Fig.  4.28  where  laser 
treated  area  was  produced  on  5.5  ym  Pb-Sn  coating.  No 
significant  difference  was  observed  between  the  two  areas. 
Tin  oxide  was  observed  on  the  outer  surface  and  its  content 
decreased  as  the  sputtering  proceeded  inward.  At  20A*  deep 
Pb  the  content  exceeded  the  Sn  content  while  the  oxygen 
content  also  decreased.  The  Pb  content  of  the  untreated  area 
reached  a  maximum  of  70%  (A.C%>  and  decreased  to  about  60%; 
(that  of  the  treated  area  reached  a  maximum  of  about  64%  and 
decreased  to  about  52%  at  200A*  from  the  surface. 

The  main  difference  between  the  two  areas  was  the  lower  Pb 
content  of  the  as-received  against  treated  areas  (4%  against 
12%  Pb  < A • C% ) )  with  the  correspondingly  lower  tin  and  oxygen 
contents  (40%  against  30%).  This  effect  is  attributable  to 
preferential  volatilization. 


4*3.6  X-Ray  Diffraction 

Fig.  4.33  shows  the  x-ray  diffraction  done  on  the  Pb-Sn 
coating  and  Table  4.8  the  peak  intensities  of  the  treated  and 
untreated  areas.  Pure  Pb,  Sn  and  Cu  were  found,  without  any 
intermetal 1 ic  compounds;  the  same  peaks  appeared  for  both 
areas  ,  only  their  intensity  varied.  This  is  due  to  the  fact 
that  the  basic  crystalline  structure  was  not  affected  by  the 
treatment . 
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Fig .  4.33:  X-ray  diffraction  of  Pb-Sn  coating 

(2.7vm  on  copper  foil)  ’ 
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Table  4.8  A.  X-Ray  Diffraction  of  Pb-Sn  Coating  (2.7  urn  on 
copper  foil ) 

Interplanar  spacings  and  intensities : MAL  2.7  29/5/86 
X-ray  target  material:  CO  Wave  length=0 . 15418nm 
Reset  time:  5sec.  Increment  0.1  degree 
Measurements  taken  for  2*Theta=5  to  90  degrees 
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12 
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Table  4.8  B 


Laser  Treated  Area  X-Ray  Diffraction 


Interplanar  spacings  and  intensities : MAL+LASER 
2.7  1/6/86 

X-ray  target  material:  CO  Wave  length=0 . 15418nm 
Reset  time:  5sec.  Increment  0.1  degree 
Measurements  taken  for  2*Theta=5  to  90  degrees 
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5.  DISCUSSION 


5 . 1  Corrosion  of  Pb-Sn  Alloy  Coating 

Corrosion  of  the  Pb-Sn  alloy  was  studied  by  potentiodynamic 
polarization  and  the  corroded  specimens  were  examined  by  SEM. 
The  Tafel  calculations  was  used  to  determine  the  corrosion 
rate  in  MPY  (milli-inch  per  year).  The  slightly  acid  aqueous 
chloride  medium  was  chosen  as  a  potential  corrosion-inducing 
agent  within  the  microelectronic  process  and  the  user 
environment . 

As  is  seen  from  the  background  review,  the  composition  of  the 
Pb-Sn  alloy  is  a  significant  consideration  that  has  to  be 
taken  into  account  when  the  corrosion  of  the  alloy  is 
analysed . 


5.1.1  Polarization  Curves 

Polarization  curves  obtained  during  the  potentiodynamic  scans 
were  typically  characteristic  of  the  general  corrosion  type, 
without  a  passivation  zone  and  without  localized  corrosion 
behavior  (Figs.  4.1,  4.3-4.51.  The  curves  obtained  for  the 
laboratory  specimen  differed  from  those  obtained  for  the 
commercial  specimen  in  some  reduction  of  the  current  at  the 
-0.5v  potential  followed  by  an  immediate  increase  and 
possibly  due  to  a  change  in  the  controlling  corrosion 
reaction . 


5.1.2  Effect  of  Chloride  Concentration 


Chloride  concentration  affected  the  corrosion  rates  obtained 
during  potentiodynamic  polarization.  Fig.  4.2  showed  that 
the  highest  corrosion  rates  were  obtained  when  the  chloride 
concentration  was  0.025M  with  lower  MPY  values  both  above  and 
below  it.  This  behavior  is  seen  also  for  the  laboratory 
specimen.  Corrosion  rates  obtained  at  10-2  M  Cl-  were 
higher  than  those  obtained  at  10-1  M  Cl"  (Fig.  4.6, 
Tables  4.2,  4.3),  in  agreement  with  the  observation  that  in 
potassium  chloride  the  corrosion  rate  increases  to  a  maximum 
in  0.05M  solution,  decreases  with  higher  concentration,  and 
increases  again  in  2M  solution  (Chap.  2.3.2).  This  effect 
may  be  due  to  the  limited  solubility  of  lead  chloride:  at  low 
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concentrations  of  the  medium  the  lead  chloride  is  completely 
dissolved,  up  to  a  certain  level  beyond  which  an  insoluble 
film  is  formed,  inhibiting  further  dissolution. 


5.1.3  Effect  of  Heat  Treatment  On  Corrosion  Resistance 

Heat  treatments  considered  during  this  year's  project 
included:  a  commercial  specimen  preparation  -  reflow  and 
heating  in  an  oven.  Laser  treatment  is  also  a  heat 
treatment,  but  no  corrosion  tests  were  done  during  this  year 
on  laser  treated  areas. 

The  heat  treated  specimens  have  a  smaller  corrosion  rates 
than  the  untreated  ones  (Fig.  4.6).  This  behavior  is 
explained  by  transformation  of  the  structure,  as  can  be  seen 
in  Figs.  4.11,  4.12,  and  4.14.  The  E.D.S.  microanalysis 

shows  that  most  of  the  Pb  was  dissolved  during  polarization 
of  the  as-deposited  specimen.  By  contrast,  the  heat  treated 
specimen  lost  only  a  third  of  the  initial  Pb  concentration 
(Table  4.4,  Figs.  4.13,  4.16).  While  in  the  corroded 

as-deposited  area  many  very  small  grains  disappeared  during 
polarization  (Fig.  4.12)  only  few  were  missing  in  the  heat 
treated  specimen  (Figs.  4.14,  4.15).  A  possible  explanation 
is  the  as-deposited  specimen  has  two  distinct  kinds  of  grains 
rich  in  Pb  and  Sn  respectively.  Thus  half  of  the 

Pb-containing  grains  are  more  anodic  that  the  others  and 
dissolve  readily.  The  heat  treatment  in  the  oven  caused  a 
more  uniform  distribution  of  the  a  grains  between  the 

eutectic  grains;  the  result  was  a  negligible  potential 
difference,  and  only  one  third  of  the  Pb  was  dissolved. 

The  reflow  specimen's  corrosion  rate  was  lower  for  most  of 
the  cases  than  that  of  the  as-deposited  specimen,  but  there 
is  not  enough  data  to  establish  a  definite  relationship.  The 
laser  treated  specimens  had  a  morphology  similar  to  the 
reflow  specimen,  and  their  corrosion  behavior  is  expected  to 
be  the  same . 


5.1.4  Effect  of  Coating  Thickness  on  Corrosion  Resistance 

Increase  in  coating  thickness  caused  improvement  of  corrosion 
resistance  or  decrease  in  corrosion  rate  (Fig.  4.6), 
attributable  to  the  attendant  reduction  in  porosity.  For  the 
thinner  coatings,  the  cathodic  action  of  the  cathodic  copper 
baBe  was  stronger  and  made  for  heavier  dissolution  of  the 
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anodic  coating.  Lead  has  a  more  negative  potential  than  tin, 
-0.4v  as  against  -0.2v  (vs.  S.H.E.)  (Fig.  2.12),  so  the 
lead-rich  o  solid  solution  dissolves  first. 

Thinly-coated  (2.8  pm)  specimens  formed  copper  chloride 
during  polarization,  while  none  was  found  on  those  with  the 
thicker  coating  (Figs.  4.12,  4.13,  Table  4.4). 


5.1.5  Corrosion  Mode 

Analysis  of  the  corroded  specimen  by  E.D.S.  and  SEM  shows 
that  Pb  is  preferentially  dissolved  during  polarization 
(Table  4.13)  at  an  anodic  reaction  site  in  the  Pb-rich  zone 
<o  solid  solution)  while  a  cathodic  reaction  occurs  in  the 
tin-rich  zone  (8  solid  solution),  as  described  in  Fig.  5.1. 


grain 


+  2c"  ■+  201)' 


Fig .  5,1:  schematic  description  of  corrosion  mode  of  Pb-Sn 

as-deposited  specimen 


Heat  treatment  in  an  oven  causes  more  uniform  distribution  of 
Pb  and  Sn,  thus  reducing  Pb  dissolution  and  the  corrosion 
rate . 
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Pb-  riched  grain 


Fig .  5.2:  Schematic  description  of  corrosion  mode  of  heat 
treated  Pb-Sn  alloy  coating 

The  effect  of  laser  treatment  on  the  corrosion  mode  had  to  be 
studied.  On  the  basis  of  the  resulting  structure,  we  can 
assume  that  formation  of  Pb-rich  zones  (Fig.  4.18)  competes 
with  other  laser  effects  such  as  reduction  of  porosity  or 
improved  adhesion  in  determining  the  corrosion  resistance. 


5 . 2  Effect  of  Heat  Treatment  On  Metallurgy  of  Pb-Sn  Alloy 
Coating 

The  phase  diagram  of  Pb-Sn  (Fig.  2.2)  contains,  on  both 
sides,  solid  solutions  with  limited  solubility  range  a  and  8, 
rich  in  Pb  and  Sn  respectively.  The  eutectic  point  is  at 
183*C,  where  the  corresponding  composition  of  a  is  19.25  Sn 
and  80.85  Pb  and  that  of  8  97.55  Sn  and  2.5%  Pb.  Starting 
with  a  liquid  eutectic  solution,  the  proportions  of  a  and  8 
at  183'C  are  0.455  and  0.545  respectively  (lever  rule). 

The  commercial  specimen  (Chap.  4.2.1,  Fig.  4,8)  h.vi  as  plated 
composition  of  40%  Sn  and  60%  Pb.  The  reflow  specimen  show 
bright  zones  with  10%  Sn  and  88%  Pb  with  surrounding  areas 
consisting  of  32%  Pb  and  67%  Sn.  These  bright  zones  may  be  a 
surrounded  by  eutectic. 

In  the  laser  treatment  experiment  (Chap.  4.33,  Table  4.6), 
the  untreated  surface  composition  was  57%Pb  and  42%Sn,  while 
the  bright  zones  of  the  treated  surface  consisted  of  90%Pb 
and  9%Sn  and  the  surrounding  treated  areas  of  16%Pb  and 
83%Sn.  Comparing  this  with  the  case  of  60%Pb  and  40%Sn 
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discussed  before  we  see  a  difference  in  behavior  by 
separation  of  Pb-rich  zone  (a  grains)  against  a  back  ground 
of  uneutectic  Sn-rich  composition.  Understanding  of  the  heat 
treatment  of  as-deposited  surface  with  eutectic  composition 
will  be  later  investigated  by  laser  treatment. 

It  is  important  to  consider  the  non-equilibrium  conditions  of 
the  heat  treatments  involved  in  these  projects  that  cause  the 
difference  from  phase  diagram  compositions:  A)  The  short  time 
of  heating  and  the  very  rapid  cooling  rates  that  are  in  the 
range  of  ns  in  the  case  of  laser  treatment.  B)  Pb  is  heavier 
than  Sn,  and  during  solidification  it  tends  to  sink  and 
produce  regions  with  high  Pb  content. 


5.3  Effect  of  Laser  Treatment  On  Surface  of  Pb-Sn  Alloy 

Auger  spectroscopy  results  shown  in  Chap.  4.3.5  are  in 
agreement  with  those  of  Bird  18)  and  Frankenthal  19) 
reflecting  a  higher  amount  of  tin  oxide  at  the  surface  of  the 
as-deposited  Pb-Sn  alloy  and  of  laser  treated  area.  The  film 
of  tin  oxide  is  about  50A* .  The  tan  oxide  may  be  depleted 
from  the  bulk,  producing  and  Sn  deficiency  in  the  layer 
adjoining  the  oxide  film. 

The  laser-treated  area  shows  a  higher  Pb  content  than  the 
as-deposited  area  which  can  be  explained  by  Frankentha 1 s '  [91 
finding  that  above  180’C  Pb  is  segregated  at  the  surface  of 
the  Pb-rich  Pb-Sn  alloy. 


5.4  Selection  of  Laser  Conditions 

Experiments  at  various  laser  intensities  revealed  that  the 
higher  the  intensity,  the  heavier  the  surface  damage.  In 
order  to  minimize  it,  the  intensity  must  be  as  low  as 
2-10*  watt/cma  (Fig.  4.19,  4.20).  Also,  at  this 
intensity  only  a  pulse  or  two  impinge  at  a  given  point;  a 
higher  number  of  pulses  causes  formation  of  very  deep  craters 
(Figs.  4.21,  4.22,  4.23,  4.24). 

Experiments  under  defocusing,  which  made  for  lower  energy 
density  at  the  target  surface  because  of  the  increased  target 
area,  resulted  in  no  damage  at  all  but  rather  improved 
smoothness  due  to  melting  of  the  surface.  On  the  basis  of 
the  energy  needed  to  melt  0.5  Mm  of  Pb  (Appendix  A 
approximation)  it  was  found  that  107  watt/cm3  had  to  he 
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invested,  and  further  experiments  will  be  done  under 
defocusing  with  lower  energy  densities. 


5 . 5  Further  Research 


In  the  light  of  the  present  interesting  findings,  further 
work  is  called  for  with  a  view  to  a  complete  picture  and  to 
better  insight: 


<a>  Electrochemical  polarization  of  laser  treated  area, 
using  SEM,  Auger  spectroscopy  and  x-ray  diffraction. 

(b)  Effect  of  defocusing  laser  conditions. 

(c)  Effect  of  alloy  compositions. 

(d)  Cross-sections  of  the  laser-treated  area,  with  regard 
to  formation  of  Cu-Sn  intermetal 1 ic . 


( e  > 


Examination  of  the  solderabi 1 ity  of  the  Pb-Sn  alloy 
coating  before  and  after  laser  treatment. 


6.  CONCLUSIONS 


1.  Laser-induced  melting  of  Pb-Sn  coating  resulted  in  a 
brighter  area  than  the  untreated  one. 

2.  Maximum  energy  of  l-10s  watt/cm2  had  to  be  used 
in  order  to  prevent  damage  during  laser  treatment. 

3.  Affected  laser  area  increased  with  increase  of  laser 
energy . 

4.  Laser  treatment  produced  lead-rich  zone  believed  to  be 
a  solid  solution  grains. 

5.  Corrosion  rate  decreased  with  increase  of  Pb-Sn 
coating  thickness. 

6.  Heat  treatment  resulted  in  decrease  of  corrosion  rate. 

7.  Surface  analysis  showed  higher  content  of  Pb  on  laser 
treated  surface.  Treated  and  untreated  areas  showed 
presence  of  tin  oxide  in  50A*  surface  layer. 

8.  More  work  has  to  be  done  in  order  to  reach  better 
understanding  of  the  processes  involved  during  laser 
treatment  of  the  Pb-Sn  alloy  coating. 
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APPEND! X  A 


For  Cu:  a  =  10~®cm  at  =  0.5  ym 

R  =  0 . 5  cm  at  =  0 . 5  ym 

c„P  =  3.85 
D  =  0.99  cm3/sec 

According  to  equation  p.  13  we  can  calculate  the  intensity  and 
energy  density  required  to  heat  a  surface  layer  of  Cu  to 
103C  for  pulse  duration  tp=7 • 10_Bsec . 

<  2Dt,p  )1'2=<2-0.99-7-10-3)1-'2  =  1.177-10~‘lcm 


DT'CvP(2dtp)  '2 
( 1  -  R)  tp 


1083-3. 85  (.2-0. 99-7-10'" )  - 
(l-0.5)-7-10-y 


This  approximation  assumed  that  the  thermal  diffusion  distance 
exceeds  the  penetration  depth. 

For  Pb:  R=0.5cm  at  X =0.3.  a  is  unknown  and  its  value  has  no 
relation  to  real  data. 

c„P  =  0 . 136 • 

D=0 . 21 
Tm=327 


327-0. 136-p(2'0. 21-7-10  __  44.5-p-0  5-10" 

o.s-7-io-y  =  — o-io-y — 


=  71.8-p-lO" 


1 0 ' wa  1 1 , 


This  calculation  is  intended  for  approximation  of  the  energy 
needed  for  melting  Pb  by  pulse  laser.  0.7-107  watt/cm2 
are  needed  to  melt  the  Pb  surface  according  to  our  assumption 
with  a  thermal  diffusion  distance  of  0.5-10-'*  i.e.,  0.5ym. 
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